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 Whey protein isolate (WPI) contains at least 90% protein and should ideally possess a 
bland flavor without typical dairy flavors including sweet aromatic and cooked/milky notes.  
However, its flavor may be highly variable due to factors including original whey source, 
processing and storage conditions.  Novel technologies removing nonpolar compounds 
responsible for off-flavors and off-flavor formations are desirable.   
 The major objective of this research was to evaluate impacts of supercritical carbon 
dioxide (scCO2) extraction, a known green process, on volatile profiles of WPI.  A prior sub-
objective was to establish an analytical technique for characterization of volatiles.  Specifically, 
adsorption conditions in a well-established head-space solid-phase microextraction (SPME) 
method were used for quick and reliable assays of volatiles in WPI, using a 
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber.  The adsorption of 
volatiles on the SPME fiber was studied at 21, 40 or 50 °C, each with durations of  5, 15 and 20 
min, and analyzed by GC/MS.  Based on the number of GC/MS peaks and the corresponding 
peak areas, adsorption conditions of 50 °C for 20 min were selected for subsequent studies.   
 In the second sub-objective, GC/MS profiles of WPI were characterized after scCO2 
extraction using a continuous stream of CO2 at 50 g/min, controlled at various combinations of 
temperature (30-65°C), pressure (7.0-30.0 MPa), and duration (10-90 min). Extractions with a 
higher temperature and a higher pressure for a longer time were generally more effective in 
removing volatiles, and most peaks on the chromatogram of the unprocessed WPI sample 
disappeared or were reduced very significantly after all studied extraction conditions, even at 
subcritical conditions of 7.0 MPa and 30 °C for 1 hour.  Our findings demonstrated that 
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supercritical or subcritical CO2 may provide a green approach to reduce volatiles in whey protein 
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1.1. Evolution of whey protein utilization 
 Cheese whey is the liquid fraction obtained after separating the coagulum from milk or 
skim milk in cheese making (CFR Title 21. Sec 184. 1979). Whey has a yellow/green color, or 
sometimes a bluish tinge, depending on the quality and type of milk used (Smithers, 2008).  
Whey was largely regarded in the past as a waste by-product of cheese manufacturing which 
resulted in significant environmental implications (Coughlin & Nickerson, 1974) with low or no 
commercial interest (Clément et al., 2007). With the increasing consumers' awareness for 
nutrition, quality and environmental friendliness, the dairy industry recognized the value of whey 
components (Jayaprakasha and Brueckner, 1999).  Currently, components such as protein and 
lactose are recovered as co-products of cheese-making and casein manufacture in the dairy 
industry, a drastic 'gutter-to-gold' transformation (Smithers, 2008).  In 2005, for example, the 
International Dairy Federation (IDF) estimated 16.47 million tons of cheese produced 
worldwide, which would yield about 150 million tons of whey (Abd El-Salam et al., 2009).  
Based on an assumption of 9 L of whey resulting from production of 1 kg of cheese in a large 
cheesemaking plant, a daily production of 1 million liters of whey was also estimated (Hwang & 
Hansen, 1998; Jelen, 2003).     
 The high organic content of liquid whey causes serious pollution problems due to high 
chemical oxygen demands (COD) (60-80 g/L) (Mockaitis et al., 2006).  Comparison of 
proximate compositions of bovine milk and whey is presented in Table 1.1.  This table reveals 
that about 50% of the milk solids, essentially 100% of lactose, and about 20% of protein in milk 
end up in whey (Smithers, 2008).  Proteins account for about 3.4% in milk and are usually 
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divided into two groups: caseins (2.8%) and whey proteins (0.7%) (Deeth & Hartanto, 2009), 
with major whey proteins shown in Table 1.2.   
 A high proportion of solids in whey is lactose (>75%) that contributes significantly to 
concerns about environmental pollutions of dairy whey (Rajakala & Selvi, 2006; Tunick, 2008; 
Smithers, 2008).  When placed as landfills or in sewage, several microbial species cooperatively 
convert lactose to methane (CH4) (Yang & Guo, 1990; Saddoud et al., 2007).  As a greenhouse 
gas, methane is over 20 times more effective than carbon dioxide in trapping heat in the 
atmosphere and can remain in the atmosphere for about 9 to 15 years, leading to global warming 
(www.azocleantech.com).  Furthermore, the combination of organic compounds present in 
cheese whey has a biological oxygen demand (BOD) of 30-60 g/L (Kisaalita & Pinder, 1987), 
90% of which is due to lactose (Kisaalita & Pinder, 1987).  For a small creamery with about 
4,000 L of liquid whey, the polluting strength would be equivalent to living sewage of 1,900 
people (Marwaha & Kennedy, 1988; Tunick, 2008).   
 Conversely, it is also well known that whey is an excellent source of proteins, peptides, 
lipids, vitamins, minerals and lactose (Lucas, 1999).  Utilization of these compounds would not 
only reduce the pollution threat of whey but add value to the industry.  The practicality of 
utilization depends on the costs needed to recover these compounds.  The improvement in 
protein separation technologies has now enabled commercial production of whey protein 
ingredients that are relatively inexpensive, nutritious and generally-recognized-as-safe (Harper, 
2000; Krissansen, 2007).  As a result, numerous efforts have been applied to understand and 




Table 1.1. Comparison of the proximate compositions of bovine milk and whey. 
Component Content (%, w/v) 
Milk Whey 
Casein protein 2.8 < 0.1 
Whey protein 0.7 0.7 
Fat 3.7 0.1 
Ash 0.7 0.5 
Lactose 4.9 4.9 
Total solids 12.8 6.3 
 Smithers et al. (1996), and references therein. 
 



















β-lactoglobulin 18,300  5.35 to 5.49 3.0 40-55  65 
α-lactalbumin 14,000  4.2 to 4.5 1.2 11-20 62 
Immunoglobulins 15,000 to 
1,000,000 
 
5.5 to 8.3 0.6 8-11 72 
Bovine serum 
albumin 
69,000 5.13 0.3 4-12 64 
Lactoferrin 77,000 7.8 to 8.0 0.1 1 * 
Lactoperoxidase 77,500 9.2 to 9.9 0.002 1 * 
a
 Adapted from Zydney (1998), Jayaprakasha & Brueckner (1999) and Pedersen et al. (2003).
 
b
Td represents denaturation temperature (Bryant & McClements, 1998), compiled from Kinsella and 




 The remainder of this section discusses processes to recover whey proteins and their 
general properties.  For some applications, e.g. beverages/meal replacement bars, whey proteins 
with a bland flavor are preferred for development of food products that are acceptable by most 
consumers (Caudle et al., 2005). Chemical aspects of flavorants in whey proteins and techniques 
of characterizing and removing these compounds are other topics of this literature review.  
1.1.1. Processing stages in concentrating whey proteins 
 Two types of whey are usually discussed:  sweet whey and acid whey (Durham et al., 
1997; Ji & Haque, 2003). Acid whey is the remaining serum after acidic precipitation of casein 
from milk for production of caseinate ingredients.  Sweet whey is the serum fraction during 
cheese production after caseins aggregate into curds (Walzem et al., 2002).  The differences in 
whey generation are causes of different chemical compositions in these two types of whey 
(Fuente et al., 2002).  Sweet whey is commonly used for whey concentration because of large 
quantities from cheese manufacturing.  Proteins recovered from sweet whey, generally have a 
bland, "sweet"/"milky" flavor that is suitable for dairy ingredient-based beverages (Gallardo-
Escamllla et al., 2005).     
 Whey protein products are classified on the basis of their compositions that are usually 
determined by separation processes.  The first separation stage generally involves a coarse 
filtration to remove creams and a centrifugation step to sediment particulates (Huffman & 
Harper, 1999; Huffman, 1996).  This results in clarified whey that is subjected to a series of steps 
that concentrate proteins to different levels. 
 Membrane filtrations are commonly used to separate proteins from clarified whey that 
may be subjected to a series of chemical/enzymatic pre-treatments (Huffman, 1996).  The 
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membrane filtrations commonly used are microfiltration (MF) and ultrafiltration (UF) (Tunick, 
2008). A relatively lower hydraulic pressure (~0.1-0.2 MPa) is applied during MF to separate 
suspended particles, while higher pressures in the order of 0.1 to 0.7 MPa are used in UF (Singh 
& Heldman, 2001).  The pore size of UF membranes ranges from 0.001 to 0.02 µm, 
corresponding to a molecular-weight-cut-off from 1000 to 100,000 Da. Recovery of proteins 
from whey using MF and UF has been extensively investigated (Domagk, 1981; Edelsten et al., 
1983; Lonergan, 1983; McGregor & White, 1990).  In addition, diafiltration is used to further 
purify proteins in the retentate stream from the UF, usually with fresh water, where lactose and 
minerals end up in permeate (Huffman, 1996; Nelson & Barbano, 2005).   
 Minerals constitute the smallest group of milk components (Deeth & Hartanto, 2009).  
Demineralization expands specific applications of final whey protein products, especially for 
those with little or no salty flavor (Hoppe, 1992) and those with implications by electrolyte 
imbalances e.g., infant formula (Yang & Silva, 1995).  This was illustrated by a study conducted 
by Russell et al., (2006) that reported a positive correlation between a soapy flavor defect and 
salty taste of whey proteins.  Other benefits of demineralization include improved solubility, 
decreased sourness, and increased perception of sweetness of whey proteins (Higgins & Lorimer, 
1982).   
1.1.2.  Whey protein concentrate and isolate 
 Whey protein products are classified based on percentages of protein, usually on a dry-
weight basis (Huffman, 1996).  Commercial whey protein products include whey protein 
concentrates (WPCs) and whey protein isolates (WPIs) (Morr & Ha, 1993), with varying 
concentrations of proteins, minerals, lipids and lactose (de la Fuente et al., 2002).  WPCs have a 
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protein content ranging from 34 to 90% (Abd El-Salam, 2009).  In the U.S., the standard 
requirements for the composition of WPC are as follows:  minimum 25% protein, 0.2-10% fat, 2-
15% ash, maximum 60% lactose and 1-6% moisture (Jayaprakasha & Brueckner, 1999).  WPI, 
however, must contain a minimum of 90% protein (Russell et al., 2006).  In general, WPI 
exhibits lower flavor intensities than WPC (Carunchia et al., 2005), as a result of lower (flavor 
generating) lipid and carbohydrate contents (Russell et al., 2006).   
1.1.3. The value of whey protein incorporation in food products 
 Whey proteins are commonly used as ingredients due to their exceptional functional 
characteristics including viscosity, gelation, and health benefits (Morr & Foegeding, 1990; 
Smithers, 2008).  They are complete sources of both essential and non-essential amino acids  
(Childs et al., 2007) thereby, providing an excellent way to fortify foods with proteins resulting 
to an increase in overall nutritional value of the finished product (Quach et al., 1999).  Whey 
proteins have a high biological value (BV) of 104 compared to other sources such as eggs (100), 
soy (74), rice (59), and beans (49) (Renner, 1983).  BV is defined as the fraction of absorbed 
nitrogen (N) retained by the body for growth or maintenance per gram of protein consumed 
(Mitchell, 1924).  Improved quality of whey proteins, e.g., after removal of off-flavors, would 
increase the consumption of this important category of protein ingredients. 
1.2. Chemical aspects of flavor development from milk to final WPI product 
1.2.1. How flavorants are perceived in food 
 The success in marketability of commercially available whey protein products such as 
WPI will be strongly dependent on masking off-flavors or creating a flavor-bland WPI. A whey 
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protein beverage as an example is marketed for its nutritional benefits, but, if the flavors are 
perceived to be undesirable or if a product exhibits off-flavors, the consumer will unlikely 
purchase the product again (Russell et al., 2006).  Prior to understanding flavors associated with 
commercially available whey proteins, an understanding of how volatile flavor aromas are 
perceived in food will serve as a basic introduction on the subject. 
 The volatile flavor aroma of food is largely perceived as a result of the release of odorous 
compounds, usually present in trace amounts in foods, into the air in the mouth, and then to the 
olfactory epithelium in the nose (Wu et al., 2002). Furthermore, the flavor perception is 
influenced not only by the volatility of the various components, but also by the rate of release 
from a food matrix (Munro et al., 1998).  For example, the mechanism involves the evaporation 
or rapid sublimation of an odoriferous substance where the rate of release is proportional to the 
vapor pressure of the substance and inversely proportional to its molecular weight (Wu et al., 
2002).     
1.2.2. Properties of milk contributing to flavor 
 Flavor of milk and dairy ingredients is a critical quality criterion but is difficult to define 
due to factors such as breed and age of cows, frequency and stage of milking, and environmental 
temperature (Chandan, 1997). Since milk is the raw material from which whey proteins 
originate, an understanding of its chemical composition affecting flavors is necessary. 
 Milk is a colloidal dispersion with milk fat globules and solid protein particles (Chandan, 
1997).  The milk fat allows for its rich flavor (Munro et al., 1998) and is made up of 65% 
saturated, 32% monounsaturated, and 3% polyunsaturated fatty acids (Chandan, 1997).  In 
particular, it contains 7% short-chain fatty acids (C4-C8), 15-20% medium-chain fatty acids 
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(C10-C14), and 73-78% long-chain fatty acids (C16 or higher) (Chandan, 1997).  Flavor 
compounds arise mainly from the oxidation of fatty acids, especially highly unsaturated ones 
(Munro et al., 1998), and from the degradation and interaction of sugar and amino acids (Wu et 
al., 2002).   
 Many aroma compounds in milk are present at very low concentrations, possibly below 
their flavor thresholds (Walstra & Jenness, 1984).  The total mass of aroma compounds in milk is 
estimated to be 1-100 mg kg
-1 
and many compounds have less than 1 µg kg
-1 
individually (Munro 
et al., 1998).  A number of these flavor compounds may originate from  feedstuff, including 
dimethyl sulfide, acetone, butanone, isopropanol, ethanol and propanol (Badings, 1991; Bendall, 
2001), while others are products of chemical, microbial and enzymatic reactions of milk 
constituents (Munro et al., 1998).  Lipolytic rancidity is a well known example where 
microbiological or enzymatic reactions cause the  liberation of C4-C12 fatty acids from milk fat 
that are perceived as off-flavors such as soapy, rancid, butyric ( Badings, 1991; Boelrijk et al., 
2003).  The produced compounds may cause flavor imbalance or off-flavors after exceeding a 
certain level (Waltstra & Jenness, 1984).  Although milk is highly susceptible to formation of 
off-flavors and malodors (Marsili, 1997), appropriate processing technologies may provide 
solutions and this will be discussed in greater details in later sections.  
1.2.3. Flavors in dairy whey protein products  
 Characterization of flavor and flavor variability in whey protein is crucial in order to 
meet the demand for great tasting healthy products.  Structural changes of whey proteins affect 
interactions with other components that may change flavors perceived by consumers.   For 
example, reactive amino-acids embedded in globular native whey proteins are available only 
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after unfolding (Bryant & McClements, 1998).  For β-lactoglobulin, a predominant whey protein 
naturally existing as a dimer, unfolds when heated to 65 °C, and the exposed sulfhydryl group 
(SH) can form inter- and intramolecular disulphide  (S-S) linkages that are critical to stability 
and quality of concentrated and reconstituted dried milk products (Deeth & Hartanto, 2009). 
Additionally during heating, lactose, a reducing sugar, can react with the Ɛ-amino group of lysine 
in the initial reaction of the Maillard series of reactions that may cause undesirable flavors and 
physical properties (Deeth & Hartanto, 2009).     
 Although whey proteins are used in a number of products including sports and nutrition 
beverages and bars, infant formula, meat, ice cream and other dairy foods (National Dairy 
Council, 2008), reports have shown that a major limitation of whey protein utilization in 
relatively bland products is caused by off-flavors (Beucler et al., 2005; Childs et al., 2007), such 
as brothy, diacetyl, sourness, and bitterness (McGugan et al., 1979, Quach et al., 1999).  In order 
to profile flavors of dried whey protein ingredients, Drake et al. (2003) developed a descriptive 
sensory language: sweet aromatic, cardboard/wet paper, pasta water, brothy, animal/wet dog, 
cucumber, soapy flavors, astringent mouthfeel, bitter, etc.  These flavors were correlated to mass 
spectroscopic analysis of extracted compounds, and their intensities in  freshly produced WPC80 
and WPI were found to be relatively low (Carunchia-Whetstine et al., 2005; Russell et al., 2006).   
It is therefore important to understand possible reactions that are important for off-flavor 
developments during storage.   
1.2.4.  Flavor deterioration in whey proteins 
 Specific chemical reactions and products relevant to flavor deterioration in whey proteins 
are fundamentals of developing techniques to characterize flavorants.  The primary mechanisms 
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responsible for off-flavors in both liquid and dry whey are lipid oxidation and Maillard reaction 
(Morr & Ha, 1993; Swaisgood, 1996; Mortenson et al., 2008).   
 Flavor deterioration due to presence of lipids may be attributed to several mechanisms, of 
which the most important are oxidation, lipolysis, and the heat-induced breakdown of flavor 
precursors (Munro et al., 1998).  Lipid oxidation reactions start with radical formations resulting 
to organic peroxides that degrade into secondary products such as ketones, aldehydes and 
alcohols (Boelrijk et al., 2003). Aldehydes and ketones have been previously shown to increase 
during accelerated storage conditions in whey protein products (Wright et al., 2008) and are 
important starting products for the formation of acids (by oxidation) or for the formation of 
Maillard products after their reaction with amino acids (Whitfield, 1992).   
 Commercial WPIs generally exhibit a considerably better flavor quality and functionality 
than WPCs (Morr & Foegeding, 1990; Russell et al., 2006), which is why it was chosen for this 
study.  The relationship between the molecular structure of a chemical compound and its odor 
may enable researchers to understand desirable and undesirable flavor developments in food (Wu 
et al., 2002).  Studies have shown that aldehydes are amongst the most potent flavor compounds, 
having flavor thresholds of less than 1 ppm in milk (Mills & Solms, 1986).  The C5-C9 aldehydes 
are the major products of oxidation of fatty acids, while alkenals, 2-nonenal and 2, 4-
heptanedienal, are secondary oxidation reaction products (Mills, 1993; Quach et al., 1999). 
Chemical reactions involve the double bonds present in aldehyde groups that are susceptible to 
degradation due to oxidation, cleavage, polymerization, or interaction, with other components 
(Sinki et al., 1997).  Other examples of lipid oxidation products in whey protein include hexanal 
and trans 2-hexenal due to oxidation of ɳ-6 fatty acids (Lund and Holmer, 2001). For these 
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reasons, the undesirable flavor qualities in whey proteins are associated more closely with lipids 
because flavor degradation occurs post lipid oxidation and Maillard reaction in the presence of 
proteins and carbohydrates (Wu et al., 2002).   
 The mechanisms of Maillard reaction have been well studied (Henle, 2005; Amadori 
1929; Heyns, 1953; Hodge, 1953). Condensation between an amino group of amino acids, 
peptides or proteins and the carbonyl group of a reducing carbohydrate results to an "early stage" 
of the Maillard reaction referred as Amadori (Aminoketosis) products (Henle, 2005). For 
example, the ɛ-amino group of lysine in whey proteins is the primary target for reaction with 
lactose, leading to N-ɛ-ketosyllysine derivatives such as N-ɛ-lactulosyllysine (Henle, 2005). 
Previous research also suggested that up to 70% of lysine initially present in proteins may react 
to form the Amadori products depending on both time and temperature (Finot et al., 1981).  
Amadori products are fairly stable in foods with low water activity (for the case of WPI), 
however with prolonged storage or severe heating, they may still undergo several degradation 
reactions (Henle, 2005).   
 In summary of this section, lipids, upon exposure to heat and oxygen, are known to 
decompose into secondary products, including alcohols, aldehydes, ketones, carboxylic acids, 
and hydrocarbons.  Furthermore, aldehydes and ketones produce heterocyclic flavor compounds 
reacting with amines and amino acids. 
1.3. Techniques for analyzing aroma in whey proteins 
 Analyzing volatile and semi-volatile organic compounds relevant to flavors and aromas 
of whey conventionally starts with extraction of these compounds.  Ideal extraction and 
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subsequent steps would minimize artifacts, e.g., chemicals falsely analyzed as flavor compounds 
in test samples (Pérès et al., 2001).   
 Several techniques have been adopted in the literature to extract volatiles, including 
simultaneous distillation and extractions (SDE) (Ferretti and Flanagan, 1971; Mahajan et al., 
2004;  Majcher et al., 2009), purge and cold trapping extraction (Stevenson et al., 1996), high 
vacuum distillation extraction (Karagül-Yüceer et al., 2001; Carunchia Whetstine et al., 2005), 
solid-phase extraction (Vaghela et al., 1995) and solvent-assisted flavor evaporation (Wright et 
al., 2006; Mortenson et al., 2008; Evans et al., 2009).  Each technique has pros and cons.  For 
example, SDE is one of the most popular extraction techniques for flavor isolation (Chaintreau, 
2001), but has drawbacks such as expensive equipment, significant usage of environmentally 
hazardous solvents, and multiple separation and concentration steps that likely cause inaccuracy 
(Perestrelo et al., 2009).   
 Solventless techniques have been developed to characterize flavorants in whey protein 
products.  One of such methods is headspace solid phase microextraction (SPME) coupled with 
gas chromatography mass spectrometry (GC-MS) (Quach et al., 1999).  SPME was developed 
initially as a method to extract analytes from liquid or gaseous samples without the use of 
solvents (Arthur et al., 1990; Louch et al., 1992; Potter et al., 1992; Hawthorne et al., 1992).  
The device is essentially a syringe having a spring-loaded plunger and a barrel, with the plunger 
held in an extended position during the extraction phase and during the injection/desorption 
period (Harmon, 2002).  A short, thin, solid rod of fused silica coated with an adsorbent polymer 
is contained in the needle and used to extract volatile organic compounds.  Furthermore, the 
needle functions to puncture the septa sealing both the sample container and the GC injection 
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port.  The technique is ideally suited for the characterization of unknown mixtures of volatile 
organic compounds because it is an equlibrium technique that requires no solvents for extraction 
or pre-concentration steps (Bao et al., 1998; Harmon, 2002).   
1.4. Causes of flavorant entrapment in spray-dried whey proteins   
 Mechanisms for flavorant entrapment in the interior of powdered particles have been 
proposed in several studies (Mahajan et al., 2004; Carunchia Whetstine et al., 2005; Karagül-
Yuceer et al., 2001).  Evaporation of volatiles during spray drying was proposed to be a 
mechanism relevant to the retention of these compounds in dried powders (Stevenson & Chen, 
1996).  Because most aroma compounds are hydrophobic (Kühn et al., 2008), they tend to 
adsorb onto the air/water interface of atomized droplets during spray drying (Reineccius et al., 
1982) and be possibly evaporated into the drying air (Stevenson & Chen, 1996).  However, 
Stevenson and Chen (1996) observed significant retention of flavorants in spray dried powders, 
although these compounds are theoretically more volatile than water molecules.   
 The second mechanism of volatile loss/retention during spray drying was Thijssen's 
selective diffusion theory (Menting & Hoogstad, 1967; Rulkens & Thijssen, 1969; Menting et 
al., 1970;  Thijssen, 1971; Chandrasekaran & King, 1972; Kerkhof & Schoeber, 1974; Kerkhof 
& Thijssen, 1977; Kieckbusch & King, 1980; King, 1990; Sunkel & King, 1993; Coumans et al., 
1994).  During the drying process, a partially dried film or high solid "crust" forms on the 
surface of a droplet (Stevenson et al., 1996).  Since the flavor volatiles are substantially larger 
than water molecules, diffusion coefficients of flavorants (through the partially dried film) 
decrease at a higher rate than that of water during drying (Soottitantawat et al., 2003), resulting 
in entrapment of flavorants within dried particles (Stevenson et al., 1996). 
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 The last mechanism involves the physical binding between flavoring compounds and 
whey proteins (Kühn et al., 2008).  Previous studies have shown that whey proteins are reactive 
towards aliphatic aldehydes and methyl ketones (Ohmes et al., 1998).  This is a concern because 
the release of reversibly bound flavor volatiles from the food matrix becomes subsequently 
available for flavor perception (Quach et al., 1999).  In addition, the increased binding of 
"reactive" flavor compounds may be explained by the covalent and electrostatic reactions of 
aliphatic aldehydes, and the double bonds with certain amino acid residues, such as lysine, 
histidine, arginine, and cysteine, become readily accessible at conditions such as elevated 
temperatures (Kühn et al., 2008).  Further, since interactions with flavorants depend on the 
conformation of a protein, factors including pH, temperature, and high pressure can markedly 
change flavor binding characteristics of protein (Li et al., 2000; Mills et al., 1984).   
1.5. Properties of supercritical fluids and their applications 
 Since the primary off-flavors in both liquid and dry whey are derived from lipid oxidation 
reactions (Swaisgood, 1996; Mortensen et al., 2008), dearomatisation using supercritical fluids 
(SCF) such as CO2 may improve the quality of WPI. Supercricial fluids exhibit zero surface 
tension (Table 1.3).  As a result, the wettability of the sample pores by SCF is increased 
resulting in easy penetration of SCF in complex structures and improved partitioning of analytes 
between a powder matrix and a SCF, thereby extraction efficiency (Turner et al., 2001; Zhang et 
al., 2006).  Critical conditions and properties of some solvents are presented in Table 1.4.  At or 
near the critical point, a solvent exhibits a density of a liquid that contributes to greater 
solubilisation of compounds and a low viscosity that allows for gas-like diffusivity (Sahena et 
al., 2009; Zhannan et al., 2009).  The gas-like diffusivity of SCFs permits rapid mass transfer, 
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resulting in a larger extraction rate than that obtained by conventional methods (Roy et al., 
2007).   































Gas (0.6-2) x 10 
-3
 1 x 10 
-1 
(1-3) x 10 
-4
  0 
Supercritical fluid 0.2 - 1.0 1 x 10 
-3
 (1-9) x 10 
-4
 0 
Liquid 0.6 - 1.6 5  x 10 
-6




Adapted from  
a
Raynie (1997),  
b
Manivannan & Sawan (1998), and  
c
Klesper  (1980). 
Table 1.4. Physical properties of some common solvents used as SCFs. 
 Critical Constants 












-78.5 7.38 31.1 0.468 
Ethane 
 
-88.0 4.88 32.2 0.203 
Ethylene 
 
-103.7 5.04 9.3 0.20 
Propane 
 
-44.5 4.25 96.7 0.220 
Propylene 
 
-47.7 4.62 91.9 0.23 
Benzene 
 
80.1 4.89 289.0 0.302 
Toluene 
 
110.0 4.11 318.6 0.29 
Nitrous Oxide 
 
-89.0 7.10 132.5 0.457 
Adapted from Klesper, (1980).   
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 Properties of SCF can be altered through subtle changes in temperature and pressure to 
preferentially dissolve and extract selected classes of compounds (Raynie, 1997). Specifically, 
the density of SCFs and hence the solvent strength may be adjusted with modifications in 
temperature and/or pressure (Turner et al., 2001).  Carbon dioxide has so far been the most 
widely used SCF because of its extraction properties at moderate critical temperatures and 
pressures, inexpensive cost, chemically inert, non-flammability, and non-toxicity (Clifford, 1999; 
Sinha et al., 1992; Zuo et al., 2008; Sahena et al., 2009).  
1.6. Scope of work 
 This work involved the application of supercritical carbon dioxide (scCO2) as a green 
approach to extract hydrophobic compounds in WPI. The scCO2, with its near-ambient critical 
temperature (31.1 °C) and moderate critical pressure (7.38 MPa), offers unique advantages. 
Specifically, the high diffusivity, low viscosity and temperature/pressure dependence of solvent 
strength of scCO2 (Leazer et al., 2009) have been applied to extract lipids, esters, aldehydes, 
ketones, alcohols, among others (Parliment, 1997).  In addition, the low operating temperature 
and exclusion of oxygen during extraction may prevent further formation of flavoring 
compounds.  
 There are two overall objectives in this study.  The first objective, presented in Chapter 
II, was to optimize SPME conditions for analyzing volatiles in WPI.  The SPME fiber used for 
this study was a 50/30 µm Divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) 
that had a layer of PDMS-DVB over a layer of CAR/PDMS (Machiels and Istasse, 2003).  This 
fiber was chosen because its three-component composition is ideal for analytes with a broad 
range of polarities (suitable for C2-C20 range) (Wardencki et al., 2007; Risticevic et al., 2009) 
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and molecular weights (40-275 Da; Machiels and Istasse, 2003).    Specifically, durations and 
temperatures of SPME conditions were studied for a WPI sample, analyzed for maximum 
adsorption of aroma volatiles.  The second objective was to characterize volatile profiles of WPI 
after extraction by CO2 at various conditions, reported in Chapter III.  Specific extraction 
conditions were manipulated for combinations of temperatures and pressures corresponding to 
both subcritical and supercritical conditions, as well as duration of extraction.  Findings from this 





Abd El-Salam, M.H.; El-Shibiny, S.; Salem, A.  (2009)  Factors affecting the functional 
properties of whey protein products:  A Review.  Food Rev. Int.  25: 251-270.   
Aro, H.; Järvenpää, E. P.; Könkö, K.; Sihvonen, M.; Hietaniemi, V.; Huopalahti, R.  (2009)  
Isolation and purification of egg yolk phospholipids using liquid extraction and pilot-
scale supercritical fluid techniques.  Eur. Food Res. Technol.  228:857-863.   
Arthur, C.L.; Pawliszyn, J.  (1990)  Solid-phase microextraction with thermal desorption using 
fused silica optical fibers.  Anal. Chem.  62:2145-2148.   
Atamanenko, I.; Kryovoruchko, A., Yurlova.  (2004)  Study of the scaling process on 
membranes.  Desalination  167:327.   
Badings, H.T. (1991)  Milk. In Maarse, H. (ed.) Topic in Volatile Compounds in Foods and 
Beverages.  New York: Marcel Dekker.  pp. 91-106.   
Bao, M.; Griffini, O.; Burrini, D.; Santianni, D.; Barbieri, K.; Mascini, M.  (1999)  Headspace 
solid-phase microextraction for the determination of trace levels of taste and odor 
compounds in water samples.  Analyst.  124:459-466.   
Bendall, J.G. (2001)  Aroma compounds of fresh milk from New Zealand cows fed different 
diets.  J. Agric. Food Chem.    49:4825-4832.   
Bleha, M.; Tishchenko, G.; Sumberova, V.; Kudela, V. (1992)  Characteristic of the critical state 
of membrane in ED-desalination of milk whey.  Desalination  86:173. 
Boelrijk, A.E.M.; de Jong, C.; Smit, G.  (2003)  Flavor generation in dairy products. In Smit, 
Gerrit (ed.).   Topic in Dairy Processing.  CRC Press LLC.  Boca Raton, FL.  pp.  130-
154.    
Bryant, C.M.; McClements, D.J. (1998)  Molecular basis of protein functionality with special 
consideration of cold-set gels derived from heat-denatured whey.  Trends Food Sci. & 
Technol.  9:143-151.   
Carunchia Whetstine, M.E.; Croissant, A.E.; Drake, M.A.  (2005)  Characterization of Dried 
Whey Protein Concentrate and Isolate Flavor.  J. Dairy Sci.  88:3826-3839.   
Casademont, C.; Sistat, P.; Ruiz, B.; Pourcelly, G.; Bazinet, L.  (2009)   Electrodialysis of model 
salt solution containing whey proteins:  Enhancement by pulsed electric field and 
modified cell configuration.  J. Membr. Sci.  328 (1-2): 238-245.   
Caudle, A.D.; Yoon, Y.; Drake, M.A.  (2005)  Influence of flavor variability in skim milk 
powder on consumer acceptability of ingredient applications.  J. Food Sci. 70:S427-31.   
Chandan, R. (1997)  Properties of milk and its components. Topic in Dairy-Based Ingredients. 




Chantreau, A.  (2001)  Simultaneous distillation-extraction: from birth to maturity - A review.  
Flav.  Fragr. J.  16:132-146.   
Clément, M.; Tremblay, J.; Lange, M.; Thibodeau, J.; Behumeur, P.  (2007).  Purification and 
identification of bovine cheese whey fatty acids exhibiting in vitro antifungal activity.  J. 
Dairy Sci.  91: 2535-2544.   
 
Clifford, T. (1999).  A single substance as a supercritical fluid.  Topic in Fundamentals of 
Supercritical Fluids.  Thomson Press Ltd.  pp.4-5.   
Dattatreya, A.; Etzel, M.R.; Rankin, S.A. (2007)  Kinetics of browning during accelerated 
storage of sweet whey powder and prediction of its shelf life.  Int. Dairy J.  17:177-182. 
Dattatreya, A.; Rankin, S.A. (2006)  Moderately acidic pH potentiates browning of sweet whey 
powder.  Int. Dairy J.  16:822-828. 
Deeth, H.C.; Hartanto, J. (2009)  Chemistry of milk - role of constituents in evaporation and 
drying. In Tamime, A.Y. (ed.)  Topic in Dairy Powders and Concentrated Products. 
Wiley-Blackwell, West Sussex, United Kingdom.   pp. 1 
de la Fuente, M.A.; Hemar, Y.; Tamehana, M.; Munro, P.A.;  Singh, H.  (2002)  Process-induced 
changes in whey proteins during the manufacture of whey protein concentrates. Int. Dairy 
J.  12: 361-369. 
 
de Wit, J.N.  (1981) Structure and functional behaviour of whey proteins.  Neth. Milk Dairy J. 
35:47-64.   
 
de Wit, J.N.; Klarenbeek, G. (1984)   Effects of various heat treatments on structure and 
solubility of whey proteins.  J. Dairy Sci.  67:2701-2710. 
 
Evans, J.; Zulewska, J.; Newbold, M.; Drake, M.A.; Barbano, D.M.  (2009)  Comparison of 
composition, sensory, and volatile components of thirty-four percent whey protein and 
milk serum protein concentrates.  J. Dairy Sci.  92(10):4773-4791.   
 
Ferretti, A.; Flanagan, V.P.  (1971)  Volatile constituents of whey powder subjected to 
accelerated browning.  J. Dairy Sci.  54:1764-1768.   
 
Finot, P.A.; Deutsch, R.; Bujar, E.  (1981)  The extent of the Maillard reaction during the 
processing of milk.  Prog. Food Nutr. Sci.  5: 345-355.     
 
Greiter, M.; Novalin, S.; Wendland, M.; Kulbe, K.D.; Fischer, J.  (2002)  Desalination of whey 
by electrodialysis and ion exchange resins:  Analysis of both processes with regard to 
their sustainability by calculating their cumulative energy demand.  J. Memb. Sci.  1:91-




Harper, W.J.  (2000)  Biological properties of whey components. A Review. The  American 
Dairy Products Institute, Chicago, IL. 
 
Harmon, A.D. (1997) Solid-phase microextraction. In Marsili, R. (ed.) Topic in Techniques for 
Analyzing Food Aroma.  Marcel Dekker:  New York. pp. 82, 74-106.     
Henle, T.  (2005)  Protein-bound advanced glycation endproducts (AGEs) as bioactive amino 
acid derivatives in foods.  Amino Acids.  29:313-322.   
Huffman, L.M.; Harper, W.J.  (1999)  Symposium:  Marketing dairy value through technology  
Maximizing the value of milk through separation technologies.  J. Dairy Sci.  82:2238-
2244.   
International Dairy Federation (IDF).  The world dairy situation 2006,  Bulletin No. 409/2006; 
IDF, Brussels, Belgium, 2006.   
Jayaprakasha, H.M.; Brueckner, H. (1999)  Whey protein concentrate:  A potential Functional 
Ingredient for Food Industry.  J. Food Sci. Technol. 36(3)189-204.   
Jelen, P. (2009) Dried whey, whey proteins, lactose and lactose derivative products. In Tamime, 
A.Y. (ed.).  Topic in Dairy Powders and Concentrated Products. Wiley-Blackwell, West 
Sussex, United Kingdom.  pp. 260.   
Karagül-Yüceer, Y.; Drake, M.A.; Cadwallader, K.R.  (2001)  Aroma-active components of 
nonfat dry milk.  J. Agric. Food Chem.  49:2948-2953.   
Kilara, A.; Harwalker, V.R. (1996) Denaturation. In Nakai, S.; Modler, H.W., (eds.)  Topic in 
Food Proteins:  Properties and Characterization.  VCH Publishers, Inc.  pp. 71-135. 
Kinsella, J.E.; Whitehead, D.M. (1989) Proteins in Whey:  Chemical, Physical and Functional 
Properties.  Adv. Food Nutr. Res.  33:343-438. 
Kisaalita, W.S.; Pinder, K.L.  (1987)  Acidogenic fermentation of Lactose.  Biotechnol. Bioeng. 
30(1):88-95. 
Kisaalita, W.S.; Lo, K.V.; Pinder, K.L.  (1990)  Influence of whey protein on continuous 
acidogenic degradation of lactose.  Biotechnol. Bioeng.  36:642-645.   
Klesper, E.(1980)  Chromatography with supercritical fluids.  In Schneider, G.m.; Stahl, E.; 
Wilke, G. (eds.) Topic in Extraction with Supercritical Gases.  Verlag Chemie, 
Weinheim, Germany.  pp. 115. 
Krissansen, G.W.  (2007)  Emerging health properties of whey proteins and their clinical 




Leazer, J.L; Gand, S.; Houck, A.; Leonard, W.; Welch, C.J. (2009)  Removal of common organic 
solvents from aqueous waste streams via supercritical CO2 extraction:  A potential green 
approach to sustainable waste management in the pharmaceutical industry.  Environ. Sci. 
Technol.  43:2018-2021.   
Louch, D.;  Motlagh, S.;  Pawliszyn, J. (1992) Liquid-coated fused silica fibers.  Anal. Chem.  
64:  1187-1199.     
Mahajan, S.S.; Goddik, L.; Qian, M.C.  (2004)  Aroma compounds in sweet whey powder.  J. 
Dairy Sci.  87: 4057-4063.   
Majcher, M.; Jelén, H.H.  (2009)  Comparison of suitability of SPME, SAFE and SDE methods 
for isolation of flavor compounds from extruded potato snacks.  J. Food Comp. and Anal.  
22: 606-612.   
Manivannan, G.; Sawan, S.P. (1998) The supercritical state. In McHardy, J.; Sawan, S.P. (eds.).  
Topic in Supercritical Fluid Cleaning Fundamentals, Technology and Applications.  
Noyes Publications, Westwood, New Jersey, U.S.A. pp.1-3. 
Marsili, R. (1997)  Off-flavors and malodors in foods:  Mechanisms of formation and analytical 
techniques.  Topic  in Techniques for analyzing food aroma.  Marcel Dekker, Inc.  New 
York, NY. pp.  237-264 
Mockaitis, G.; Ratusznei, S.M.; Rodrigues, J.A.D.; Zaiat, M.; Foresti, E.  (2006)  Anaerobic 
whey treatment by a stirred sequencing batch reactor (ASBR):  effects of organic loading 
and supplemented alkalinity.  J. Environment. Manage.  79:198-206.   
Morr, C.V.; Ha, E.Y.W.  (1993)  Whey protein concentrates and isolates:  Processing and 
functional properties.  Crit. Rev. Food Sci. Nutr.  33(6)431-476.   
Mortenson, M.A.; Vickers, Z.M.; and G. A. Reineccius.  (2008)  Flavor of whey protein 
concentrates and isolates.  Int. Dairy J.  18:649-57.   
 
Munro, D.S.; Cant, P.A.E., Macgibbon, A.K.H.; Illingworth, D.; Nicholas, P.  (1998)  
Concentrated milkfat products. In Early, R. (ed).  Topic in The Technology of Dairy 
Products 2nd edition.  Blackie Academic & Professional.  Ney York, NY.  pp.  198-224.   
 




Parliment, T.H.  (1997) Solvent extraction and distillation techniques.  In Marsili, R. (ed.)  Topic 
in Techniques for Analyzing Food Aroma.  Marcel Dekker, Inc.  New York, NY.  pp.  6   
 
Pedersen, L.; Mollerup, J.; Hansen, E.; Jungbauer, A. (2003)  Whey proteins as a model system 




Pérès, C.; Viallon, C.; Berdagué, J.L.  (2001).  Solid-phase microextraction-mass spectrometry:  
A new approach to the rapid characterization of cheeses.  Anal. Chem.  73:1030-1036.   
 
Perestrelo, R.; Nogueira, J.M.F.; Câmara, J.S.  (2009)  Potentialities of two solventless extraction 
approaches - Stir bar sorptive extraction and headspace solid-phase microextraction for 
determination of higher alcohol acetates, isoamyl esters and ethyl esters in wines.  
Talanta.  80: 622-30.   
Quach, M.L.; Chen, X.D.; Stevenson, R.J.  (1999)  Headspace sampling of whey protein 
concentrate solutions using solid-phase microextraction.  Food Res. Int. 31(5):  371-379.   
Rajakala, P.; Selvi, K.  (2006)  The effect of pH, temperature and alkali metal ions on the 
hydrolysis of whey lactose catalysed by β-Galactosidase from Kluyveromyces marxianus.  
Int. J. Dairy Sci.  2:167-172.   
 
Raynie, D.E.  (1996) Meeting the natural products challenge with supercritical fluids. In 
Abraham, M.A.; Sunol, A.K. (eds.) Topic in ACS Symposium Series 670 Supercritical 
Fluids Extraction and Pollution Prevention.  American Chemical Society, Washington, 
D.C. pp. 68-75. 
 
Saddoud, A.; Hassaїri, I.; Sayadi, S.  (2007)  Anaerobic membrane reactor with phase separation 
for the treatment of cheese whey.  Bioresource Technol.  98:2102-2108. 
 
Sahena, F.; Zaidul, I.S.M.; Jinap, S.; Karim, A.A.; Abbas, K.A.; Norulaini, N.A.N.; Omar, 
A.K.M.  (2009)  Application of supercritical CO2 in lipid extraction - A review.  J. Food 
Engr.  95:240-253.   
 
Schultz, W.; Randall, J. (1970) Liquid carbon dioxide for selective aroma extraction.  Food 
Technol. 24:1283.   
 
Singh, P.H.; Heldman, D.R.  (2001)  Chapter 11 Membrane Separation. In Introduction to Food 
Engineering (3rd ed.)  Academic Press, Elsevier.  San Diego, CA.    pp.529-530. 
 
Sinha, N.K.; Guyer, D.E.; Gage, D.A.; Lira, C.T.  (1992)  Supercritical carbon dioxide extraction 
of onion flavors and their analysis by gas chromatography-mass spectrometry.  J. Agric. 
Food Chem.  40:842-845.    
 
Sinki, S.; Assaf, R.; Lombarco, J.  (1997)  Flavor changes:  a review of the principal causes and 
reactions.  Perfumer Flavorist.  22, 23.   
 
Smithers, G.W.; Ballard, F.J.; Copeland, A.D.; De Silva, K.J.; Dionysius, D.A.; Francis, G.L.; 
Goddard, C.; Grieve, P.A.; McIntosh, G.H.; Mitchell, I.R.; John, R.P.; Regester, G.O. 
(1996) New opportunities from the isolation and utilization of whey proteins.  J. Dairy 
Sci.  79:1454-1459.    
24 
 
Stevenson, R.L.; Chen, D.X.  (1996)  A Study of volatile "trapping" in spray dried whey  protein 
concentrate by "crushing" and/or vacuuming, and detection by solid-phase 
microextraction/gas chromatography/mass spectrometry.  Food Res. Int.  29(5-6) 495-
504.   
Tunick, M.  (2008).  Chapter 1 Whey protein production and utilization:  A brief history. In 
Onwulata, C.I.; Huth, P.J (eds.).  Topic in Whey Processing, Functionality and Health 
Benefits.  Wiley-Blackwell Publishing, Ames, Iowa.  pp.  4-5.   
Turner, C.; King, J.W.; Mathiasson, L. (2001) Review - Supercritical fluid extraction and 
chromatography for fat-soluble vitamin analysis.  J. Chrom A.  936:215-237.   
Vaghela, M.N.; Kilara, A.  (1995)  A rapid method for extraction of total lipids from whey 
protein concentrates and separation of lipid classes with solid phase extraction.  JAOCS.  
72(10): 1117-1121. 
Walstra, P.; Jenness, R. (1984) Carbohydrates.  Topic in Dairy Chemistry and Physics.  John 
Wiley & Sons, Inc.Canada.  pp. 29. 
 
Walstra, P.; Jenness, R. (1984) Properties of Milk Concentrates.  Topic in Dairy Chemistry and 
Physics.  John Wiley & Sons, Inc.Canada. pp. 321.   
 
Wright, J.M.; CarunchiaWhetstine, M.E.; Miracle, R.E.; Drake, M.A.  (2006)  Characterization 
of a cabbage off-flavor in whey protein isolate.  J. Food Sci.  71(2):C86-90.   
Wright, B.J.; Zevchak, S.E.; Wright, J.M.; Drake, M.A. (2008) The impact of agglomeration and 
storage on flavor and flavor stability of whey protein concentrate 80% and whey protein 
isolate. J. Food Sci.  74(1):S17-S29.     
Wu, C.M.; Kuo, J.M.; Sun Pan, B.  (2002).  Chapter 10 Flavor Compounds.  In Sikorski, Z.E. 
(ed).   Topic in Chemical and Functional Properties of Food Components  2nd Edition.  
CRC Press LLC, Boca Raton, FL. pp.  231-245.    
 
Zuo, Y.B.; Zheng, A.W.; Yuan, X.G.; Yu, K.T.  (2008)  Extraction of soybean isoflavones from 
soybean meal with aqueous methanol modified supercritical carbon dioxide.  J. Food 
Engr.  89:384-389.   
 
Zydney, A.L. (1998)  Protein separations using membrane filtration:  New opportunities for 













Chapter 2 .  Optimization of solid phase microextraction conditions for 





 Whey proteins are recovered from cheese whey as functional food ingredients.  However, 
many volatile compounds may remain in the powdered whey protein preparations or be 
generated during processing and storage.  These volatiles may cause undesirable flavors when 
the protein ingredients are used in foods. Complete analysis of volatile and semivolatile flavor 
components usually begins with concentrating the analytes of interest that require excessive 
time, complicated setup and/or use of organic solvents.  These methods may not be suitable for 
scenarios that require quick and reliable assays.  In this work, headspace solid-phase 
microextraction (HS-SPME) was evaluated as a possible method for quick and reliable assays 
suitable for process development.  HS-SPME conditions were optimized for volatiles in a 
powdered whey protein isolate sample using a divinylbenzene/carboxen/polydimethylsiloxane 
(DVB/CAR/PDMS) SPME fiber.  After equilibrating vials at 21, 40 or 50 °C for 30 min., 
volatiles adsorbed on the SPME fiber for up to 20 min were analyzed by GC/MS.  The largest 
number of peaks and peak areas were observed at 50 °C for an adsorption time of 20 min.  This 
work showed that SPME is a method for quick, partial analysis of flavor profiles of whey protein 






 Whey proteins are widely used as nutritious functional ingredients (Russell et al., 2006).  
Applications of certain whey products, particularly concentrates (WPC) and isolates (WPI) are 
influenced by the demand of health conscious consumers driving renewed interest and market 
momentum (Biotech week, 2009).  Examples of whey protein applications include meal 
replacement bars and beverages for the on-the-go, diet-conscious individuals and bodybuilders 
(Russell et al., 2006; Childs et al., 2007 & 2008).  Although, global production of whey products 
in 2008 was over 3.2 million metric tons (Biotech week, 2009), flavors associated with whey 
proteins may be a drawback for certain products (Morr & Ha, 1993) for some consumers 
(Russell et al, 2006; Caudle et al., 2005). Analysis of compounds responsible for the flavor of 
whey proteins may provide information for development of remedies.   
 Volatile aromas in foods are complex because compounds at part per billion (ppb) or 
parts per trillion (ppt) concentrations may have a major impact on the overall flavor and product 
acceptability (Persson, 1980; Grimm et al., 1997; Majcher & Jeleń, 2009).   To analyze these 
compounds, extraction and concentration procedures are usually employed prior to instrumental 
analysis (Grimm et al., 1997), including steam distillation with continuous solvent extraction 
(Ferretti & Flanagan 1971; Mahajan et al., 2004; Majcher & Jelén et al., 2009), purge and cold 
trapping extraction (Stevenson et al., 1996), high vacuum distillation extraction (Karagül-Yüceer 
et al., 2001; Carunchia Whetstine et al., 2005), solid-phase extraction (Vaghela et al., 1995) and 
solvent-assisted flavor evaporation (SAFE) (Wright et al., 2006; Mortenson et al., 2008).  
Simultaneous distillation and extraction is one of the most popular extraction techniques for 
flavor isolation (Chaintreau, 2001).  However, most of these methods present several 
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disadvantages, including expensive equipment, significant uses of environmentally hazardous 
solvents, multiple handling steps that increase error, and the need of a concentration step to 
achieve detectable levels (Perestrelo et al., 2009).  Further, food products containing 
carbohydrates and amino-acids should avoid elevated temperatures applied during distillation 
and extraction to prevent formation of artifacts including thermo-labile volatile compounds 
resulting from the Maillard reaction (Majcher & Jelén, 2009; Chan & Ismail, 2009).  
 Alternative rapid sample preparation methods can shorten assay time, with good 
precision (Grimm et al., 1997).   Solid-phase microextraction (SPME) is such a sampling 
technique developed by Pawliszyn and co-workers (Arthur et al., 1990 & 1992) to extract and 
concentrate a wide range of volatile or semi-volatile organic compounds.  In SPME, a liquid 
organic polymer coating (stationary phase) on a fiber replaces the solvent or solid phase 
extraction used in conventional sample preparation techniques (Arthur et al., 1993).  The 
adsorbed analytes partition into the stationary phase until an equilibrium is reached, after which 
the fiber is removed from the sample and the analytes are thermally desorbed directly into the 
injector of a GC-MS.  The determination of equilibration is performed experimentally by 
characterizing adsorption kinetics (Arthur et al., 1993).   
 SPME was developed initially as a method to extract analytes from liquid or gaseous 
samples without the use of solvents (Arthur et al., 1990, 1992; Louche et al., 1992). Various 
coating materials are used to prepare SPME fibers (Pawliszyn et al., 1997).  The chemical 
structure of the coating is critical and proper affinity to target analytes may enable significant 
concentration for improved assay sensitivity (Quach et al., 1999; Zhang & Pawliszyn, 1993).  
Conventionally, a fused silica fiber, which is chemically inert is coated with an adsorbent 
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polymer layer such as poly(dimethylsiloxane) (PDMS) or polyacrylate (PA) to manipulate fiber 
polarity and enhance the mechanical strength of the fiber (Pawliszyn et al., 1997).  PDMS is 
non-polar and can be used for preferable adsorption of non-polar molecules, while PA is a highly 
polar polymer ideal for extraction of phenols (Risticevic et al., 2009).   
 The SPME technology has been applied to analyze volatiles in whey proteins (Wright et 
al., 2008), lipids (Doleschall et al., 2001) and many other dairy products (Pérès et al., 2001; 
Condurso et al., 2008). Volatiles in food products such as tomato and strawberry analyzed by 
SPME have been suggested for authentication of food products e.g., different truffle species 
(Diaz et al., 2003) and detection of adulteration of soft fruit purees (Reid et al., 2004).   
 SPME has been used as an extraction method for flavor volatiles present in the headspace 
of a whey protein preparation. For example, development of flavor volatiles in WPC80 as a 
result of prolonged storage and elevated temperature was evaluated using headspace SPME GC-
MS (Javidipour & Qian, 2008). A 2-cm (50/30 µm divinylbenzene/carboxen/ 
polydimethylsiloxane) SPME fiber was used to isolate volatile compounds including dimethyl 
disulfide, pentanal, hexanal, heptanal, 2-heptanol, 2-octanone, octanol, 1-octen-3-ol, 1-nonanol 
and 2-nonanol that were stored for a period of 15 weeks at a temperature of 45 °C.    These 
aldehydes, ketones, alcohols and volatile sulfur compounds have been identified as the most 
important off-flavor compounds formed during storage of WPC (Morr & Ha, 1991).    
 It has been suggested that off-flavors such as brothy, diacetyl, sourness, and bitterness are 
major sensory attributes limiting the use of whey protein in bland products (McGugan et al., 
1979; Quach et al., 1999).  It is therefore important to be able to find a rapid technique in 
analyzing commercially available whey protein powders.  With SPME, a rapid analysis of 
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volatile fractions in whey protein products with direct coupling by mass spectrometry provides 
"fingerprints" of analyzed products, with or without concentration of the volatile fraction (Pérès 
et al., 2001).  The volatiles may be evaluated through static headspace analysis that involves the 
equilibration of a sample in a sealed container, such that components of a sample partition 
between a food matrix and the vapor phase (Fayle & Gerrard, 2002).    
 Headspace SPME (HS-SPME) is conveniently used to extract aromas in headspace above 
a sample (Linforth & Taylor, 1993) for GC analysis (Wampler, 2002) and has been applied in 
analysis of volatiles in food matrices such as cheese (Verzera et al., 2004; Pinho et al., 2002), 
fruits (Williams et al., 2005; Reid et al., 2004), and beverages (Alves et al., 2005; Bonino et al., 
2003).  It has been widely reported that commercial WPIs generally exhibit a considerably 
higher flavor quality than WPCs (Morr & Foegeding, 1990; Russell et al., 2006).  It was also 
reported that flavor profiles derived from lipid oxidation in WPI were not as intensive when 
compared with WPC (Carunchia-Whetstine et al., 2005).   
 In the present study, we were interested in applying SPME to analyze volatiles in a WPI 
preparation so that the information may be used as a quick method to develop technologies to 
remove volatiles.  A divinylbenzene-carboxen-polydimethylsiloxane (DVB/CAR/PDMS) fiber 
was chosen because its three-component composition gives high recoveries for analytes with 
different structures (MW 40-275 Da) and polarities (suitable for C2-C20 range) (Machiels & 
Istasse, 2003;  Wardencki et al., 2007; Risticevic et al., 2009).  Specifically in this work, various 
temperatures and durations during HS-SPME were compared for extraction of volatiles from 
WPI using GC/MS.   
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2.2. Materials and Methods 
2.2.1. Materials 
 The WPI product was a generous gift from Hilmar Ingredients (Hilmar, CA) and was 
stored at -20 °C upon arrival.  Based on the product data sheet, the WPI consisted of 93% protein 
(dry basis), 1.0 % lactose, 1.0 % fat, 5.5% moisture and 3.5% ash.  The 
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) SPME fiber, 50/30µm film 
thickness, was purchased from Supelco (Bellefonte, PA), a member of the Sigma-Aldrich Group 
(St. Louis, MO). 
2.2.2. Extraction of volatiles by head-space SPME 
 The volatile components of the WPI sample were extracted by the headspace method.  
All extractions were carried out with the fiber housed in its manual holder (Supelco, Bellefonte, 
PA, USA).  Prior to sample analysis, the SPME fiber was conditioned in the gas chromatograph 
injector port at 270 °C for 1 hour and a fiber blank was examined for GC-MS to ensure no 
contamination.  0.5 g of WPI was placed in a 4 ml clear vial with PTFE/Silicone Septa 
(Supelco).  Vials were equilibrated for 30 min in a water bath (Buchi Heating Bath B-490, 
BUCHI Corporation, New Castle, DE) filled with distilled water at 21, 40, or 50 °C.  For each 
temperature treatment  (Table 2.1),  the septum was pierced with the SPME needle to expose the 
fiber at a depth of 2 cm into the headspace for an adsorption time of 5, 15, or 20 min.  The fiber 
was then withdrawn from headspace of the vial, retracted from the septum, and inserted 
immediately at a 3 cm depth into a GC injection port for desorption at 250 °C for 10 min in a 
splitless mode.  The injector port was specifically fitted with a 0.75 mm ID splitless glass liner 
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(Supelco).  Each combination of adsorption conditions (temperature and duration) was analyzed 
in triplicates. 
2.2.3. Gas chromatography/mass spectrometry 
 The gas chromatograph was a Shimadzu GC 17A coupled with a Shimadzu MS QP Class 
5000 FID detector (Shimadzu Corporation, Kyoto, Japan).   Desorbed volatile compounds were 
separated using a fused silica capillary column (Rtx-5 30 m length x 0.25 mm i. d. x 0.25 μm df; 
Restek, Bellefonte, PA, U.S.A.).  Helium (99.99%) was used as a carrier gas at a constant flow 
of 1 ml/min.  The SPME fiber was placed at a 3 cm depth into an injection port fitted with a 
SPME liner and the desorption was at 250 °C for 10 min.  The GC oven temperature was 
programmed from 40 to 200 °C at a rate of 5 °C/min with initial and final hold times of 5 and 45 
min, respectively.  The GC was run at the splitless mode. Mass selective detector conditions 
were as follows:  capillary direct interface temperature, 250 °C; ionization energy, 1.5 kV; mass 
range, 33 to 330 amu; scan rate, 5 scans/s.   
2.2.4. Data and statistical analysis 
 GC/MS peaks were sorted based on elution times, and averages of peak areas were 
determined from three replicates. For each peak corresponding an elution time, the maximum 
peak area from the three adsorption times and same adsorption temperature was identified, and 
peak areas corresponding to different adsorption times were normalized to the maximum peak 
area identified.  Mean normalized areas were compared using ANOVA with 2 fixed factors:  
temperature and time.  Statistical significance was selected at a P value of 0.05, and if a 
significant effect was found, a Tukey's posthoc test was performed based on least square means 
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of the norm area squared.  The squared term was required to obtain normality.  SPSS 17.0 for 
Windows software (Chicago, IL) was used for statistical evaluations.   
2.3. Results 
 In this work, DVB/CAR/PDMS was used for analysis of volatiles in the headspace of 
WPI powders.  In order to obtain the maximum adsorption yield, various combinations of 
adsorption temperature and time were used to assess optimal conditions. 
2.3.1. Effect of adsorption conditions on possible numbers of volatiles detected by 
GC/MS 
 Representative chromatograms of volatiles adsorbed at 21, 40, and 50 °C are shown in 
Figs. 2.1-2.3., each with an extraction time of 5, 15, and 20 min.  Chromatograms for treatments 
at 21 °C showed about 10 peaks (Fig. 2.1).  When the temperature was increased to 40 °C, the 
peak numbers increased to 61 to 63 (Fig. 2.2).  At the highest temperature studied (50 °C), there 
were 71 peaks observed on the chromatogram (Fig. 2.3).  Overall, an increased adsorption 
temperature for a longer time significantly improved the range of possibly adsorbed compounds.  
Higher temperatures were not used since whey proteins, including β-lactoglobulin, α-
lactalbumin, and bovine serum albumin, are denatured when heated above ~60°C (Zhang & 
Zhong, 2009). 
2.3.2. Peak areas of volatiles from different adsorption conditions 
 Peak areas in Fig. 2.1-2.3 after normalization by the maximum peak area at the same 
adsorption temperature are shown in Fig. 2.4.  At an adsorption temperature of 21 °C, the 
normalized peak areas departed from 100% more extensively at a shorter adsorption time.  While 
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at an adsorption temperature of 40 and 50 °C, data points spread more extensively than at 21 °C, 
especially at a shorter adsorption time.  Mean normalized areas at 95% confidence intervals in 
data points in Fig. 2.4 corresponding to SPME adsorption time are shown in Fig. 2.5.  The 
SPME adsorption time significantly affected the peak areas in chromatograms (p < .05).  The 
post hoc tests show means for time from the original data are as follows:  34.33 (20 min), 76.54 
(15 min), and 86.50 (20 min).  In addition, temperature treatments reflect significant mean 
differences (p < .05) for both 40 °C and 50°C.  Based on the increased area of peaks detected at 
higher temperatures and significant differences in time, the highest adsorption efficiency was 
observed at a temperature of 50 °C for 20 min.   
2.4. Discussion 
2.4.1. Effect of adsorption time 
 For normalized peak areas (Fig. 2.4), there was a considerable difference in the amount 
of volatiles after different adsorption times.  At longer adsorption times, better results were 
reflected since most peak areas were generally larger (>60%).  The results are consistent with 
other published reports showing excellent sensitivity when longer extraction times are applied 
using SPME technology.  In extruded potato snacks, adsorption of flavor compounds, hexanal, 
nonanal, and heptanal onto a DVB/CAR/PDMS fiber increased at a longer adsorption from 5 to 
90 min (Majcher & Jeleń, 2009).  Coffee aroma compounds such as 3-methyl butanal, 
dimethyltrisulfide, and 2,3-diethyl-5-methylpyrazine were detected at larger quantities when 
adsorbed for 10 min in comparison to a shorter time of 5 min (Roberts et al., 2000). Similarly, 
Pontes et al. (2009) showed that peak areas of volatiles present in Passiflora fruit species 
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increased with an increase in extraction time (10 - 40 min), before reaching maximum values for 
longer times (40-60 min).   
 The amount of volatiles adsorbed by the fiber may be influenced by molecular weights 
(MW) of volatiles.  Higher MW compounds such as alkanes (tetradecane, pentadecane, and 
hexadecane), ester (ethyl decanoate), alcohol (decanol), and acids (hexanoic and octanoic) did 
not show adsorption equilibria within 30 min, while low MW compounds such as propyl acetate 
reached equilibrium as rapidly as within 1 min in standard mixtures (Bartelt, 1997).  The 
increased adsorption at longer times is expected based on mass transfer, before saturation of 
adsorption sites on a SPME fiber (Pontes et al., 2009).  Once reaching equilibrium, many reports 
showed no detectable difference or decreased amounts of compounds adsorbed by a fiber at 
further elongated adsorption times (Bartelt, 1997).  Perestrelo et al. (2009) showed that yields of 
almost all compounds extracted from wine increased with time until 60 min.  Similarly, during 
the isolation of flavor compounds from extruded potato snacks, concentrations of 2,6-
dimethylpyrazine, ethylpyrazine and pentanal reached equilibria after 60 min; however, the 
adsorption of 2-methyl butanal, 3-methyl butanal, 2-methyl propanol and 2-penthyl furan on a 
DVB/CAR/PDMS fiber showed the maximum after 30 min (Majcher & Jeleń 2009).  The 
decreased extraction efficiency after equilibrium was suggested to have been caused by 
adsorption competition and displacement on the fiber surface (Majcher & Jeleń 2009), due 
limited number of active sites on fibers coated with solid polymer coatings (Murray, 2001).   In 
Fig. 2.5, the differences in adsorbed volatiles based on time may be attributed to the availability 
of active sites on the fiber without any displacement of compounds.     
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2.4.2. Effect of adsorption temperature 
 Peak numbers increased from 10 to 71 when adsorption temperature was increased from 
21 to 50 °C (Fig. 2.1 - 2.3).  The fewer peaks observed at 21 and 40°C may be due to the fact 
that slower diffusion rates at low temperatures would require a longer time for compounds to 
diffuse from a sample matrix into the headspace which could make it difficult to detect many 
compounds (Chai et al., 1993).  Temperature is therefore considered to be one of the most 
important experimental factors in SPME technique since it controls the distribution constant on 
an analyte between the sample and the fiber coating affecting the diffusion rate of the analytes 
into the fiber (Ezquerro et al., 2002; Pontes et al., 2009).  Therefore, the increase in temperature 
exposure of the sample was performed in order to overcome kinetic limitations of strong analyte 
to matrix adsorption.  The increase in the amount of adsorbed volatiles at higher adsorption 
temperatures (50 °C) may be explained due to an increase in vapor pressure of analytes, 
providing sufficient energy for analytes to transfer to the headspace due to a higher mass transfer 
rate (Quach et al., 1999).   
 The increased peak areas at higher temperatures are generally observed in literature.  For 
example, Majcher & Jeleń (2009) showed a temperature increase from 20-50°C significantly 
improved extraction efficiency of flavor compounds in extruded potato snacks using a SPME 
fiber similar to ours.  In another study, analysis of target aroma compounds in cooked beef with 
extraction temperatures above 60 °C was recommended due to higher partition coefficients 
between headspace and fiber coating (Machiels et al., 2003).  Other examples including 
aldehydes such as heptanal, cyclohexanone, octanal, nonanal, decanal and undecanal continually 
increased even at 120 °C, while acetic acid, toluene, or acetone achieved a plateu when the 
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temperature was between 80 and 100 °C on packaging samples obtained by extrusion coating of 
polyethylene (Ezquerro et al., 2002).   
2.4.3. Significance of DVB/CAR/PDMS  
 The adsorbed volatiles in Fig. 2.3, reflected about 71 volatile aroma compounds 
indicating great sensitivity of the chosen fiber at these particular conditions. Similar fibers was 
also reported for detection of sulfur-containing compounds such as dimethylsulfide, considered 
to be very volatile with low concentrations present in tuber truffles aroma (Diaz et al., 2003).  
Other examples of food products that were successfully analyzed for volatile aromas using 
DVB/CAR/PDMS include virgin olive oil (Koprivnjak et al., 2009), wines (Perestrelo et al., 
2009), coffee brews (López-Galilea et al., 2006),  soft cheese varieties for analysis of short chain 
fatty acids from C2 to C14 and their ethyl esters (Condurso et al., 2008), potato snacks (Majcher 
& Jelén, 2009), citric juices (Barboni et al., 2009), truffles (Diaz et al., 2003), cooked beef 
(Machiels et al., 2003), off-flavor cork-taint compounds in bottled wines (Bianco et al., 2009), 
and lipids (Romero et al., 2010).   
 Lipid oxidation compounds are highly reactive and decomposition of these compounds 
results to flavor degradation in whey (Carunchia-Whetstine et al., 2003; Wright et al., 2009).  
For example, whey flavor in beverages was previously reported by Temelli et al. (2004) when 
levels as low as 0.5 to 1.5% of WPI was added to orange-flavored beverages.  Aroma-active 
compounds of alcohols, ketones, and aldehydes including diacetyl, dimethylsulfide and hexanal 
have been previously characterized in whey protein products (Carunchia-Whetstine et al., 2003).  
Hexanal off-flavors from whey products were suggested as oxidation products from ɳ-6 fatty 
acids and trans 2-hexenal as an oxidation product from ɳ-6 fatty acids (Lund and Holmer, 2001). 
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Alkanals and alkenals with more than six carbon atoms, and ketones, are also typical volatile 
products of lipid oxidation reactions (Shiratsuchi et al., 1995; Forss, 1979). Depending on the 
intensity of the lipid oxidation reactions, off-flavor profiles in whey protein products have been 
described as cardboard, raisin/brothy, cucumber and fatty (Wright et al., 2009).  In addition, 
some potential volatiles reported in previous studies that may be present in the current work may 
be 2-heptanone and 2-nonanone which are products of free fatty acids and have been associated 
with a stale, cardboard flavor (Wright et al., 2009). Since, SPME is an inexpensive and solvent 
free technique with great sensitivity for volatiles, its application prior to inclusion of WPI in food 
products may ensure product success.    
2.5. Conclusions 
 This study elucidated the effect of extraction time and temperature on the GC/MS 
profiles of volatiles adsorbed from a commercial WPI sample using a DVB/CAR/PDMS SPME 
fiber.   Among the studied conditions, adsorption of volatiles at 50 °C for 20 min resulted in the 
largest number and area of GC/MS peaks.  The SPME procedures were simple and fast (< 90 
min for one replicate), contrasting 5 h to several days required for simultaneous extraction and 
distillation procedures that were tested initially in this study.  The SPME technology may be 
used as a rapid, simple method to analyze volatiles in commercial WPI preparations.  Future 
research comparing our results with those using more exhaustive characterization and 
identification methodologies may provide insight about the completeness of volatile extraction 
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Figure 2.1.  GC/MS chromatograms of volatiles from a commercial whey protein isolate sample collected using a 



















Figure 2.2. GC/MS chromatograms of volatiles from a commercial whey protein isolate sample collected using a 



















Figure 2.3. GC/MS chromatograms of volatiles from a commercial whey protein isolate sample collected using a 



















Figure 2.4. Normalized areas of GC/MS peaks for volatiles collected from WPI using a DVB/CAR/PDMS SPME fiber. The 





Figure 2.5. Averages of normalized areas at (A) 21, (B) 40 and (C) 50 °C as a factor of time synthesized from data points in 




Table 2.1. Adsorption time and temperature treatment conditions. 





















































Many flavor compounds are present in powdered commercial whey protein preparations, while 
others may be produced during processing or storage. Although these compounds are present at 
extremely low concentrations, off-flavor properties may limit the application of whey proteins in 
certain food applications e.g., meal replacement bars or beverages.  Conventional deflavoring 
approaches using organic solvents may have toxicity concerns due to residual solvents, in 
addition to a limited deflavoring/extraction effectiveness.  Supercritical carbon dioxide (scCO2) 
was previously studied as a green approach to modify whey protein functionalities.  In this work, 
scCO2 was investigated for the effectiveness of deflavoring whey protein isolate (WPI) powders, 
with the assumption that the low surface tension of scCO2 may allow the easy penetration into 
powders to utilize the extraction capability of scCO2.  A fixed amount of WPI powder was 
treated with a continuous stream of CO2 at 50 g/min, controlled at various combinations of 
temperature (30-65°C), pressure (7.0-30.0 MPa), and duration (10-90 min).  GC/MS 
chromatograms of unprocessed and processed samples were obtained after adsorption of 
volatiles using a solid phase microextraction fiber DVB/CAR/PDMS.  It was generally observed 
that most peaks on the chromatograms of extracted samples, in comparison to those of the 
unprocessed WPI sample, disappeared or were reduced significantly at all studied extraction 
conditions, even at subcritical conditions of 7.0 MPa and 30 °C for 1 hour.  Our findings 
demonstrated that supercritical or subcritical CO2 may be a green solvent to effectively deflavor 
whey protein for novel food applications.   
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3.1.  Introduction 
 Whey proteins should ideally have a bland flavor for broader applications as food 
ingredients (Drake et al., 2008).  However, it is known that flavor of dried whey protein products 
may be highly variable (Caudle et al., 2005; Drake et al., 2007) due to many factors including 
the liquid whey source, storage and processing (Carunchia Whetstine et al., 2005, Mahajan et al., 
2004; Wright et al., 2009).   Off-flavors are recognizable even at extremely low concentrations.  
Off-flavor compounds may result from small quantities of lipids present in whey protein 
products that act as precursors for lipid oxidation.  Some aroma-active, volatile compounds due 
to lipid oxidation in dried whey ingredients include short-chain aldehydes (e.g. pentanal, 
hexanal), methyl ketones, alcohols and free-fatty acids (e.g. lauric, myristic) (Carunchia 
Whetstine et al., 2003).  In whey protein isolate (WPI), for example, these compounds may 
contribute to undesirable off-flavors such as bitter, sour, brothy, diacetyl, cucumber-like, 
cabbage-like, fatty/oxidized (Drake et al., 2003; Carunchia-Whetstine et al., 2003; Drake et al., 
2007; Wright et al., 2006; Carunchia Whetstine et al., 2005; Quach et al., 1999; Wright et al., 
2007).   
 Since flavor plays a significant role in consumer acceptance and product success (Russell 
et al., 2006), removal of off-flavor and off-flavor-generating compounds may prove valuable for 
novel food applications (Drake et al., 2007; Wright et al., 2009).  These compounds may interact 
with various functional groups e.g., -OH, -CHO, -CO, and -COOH in whey protein (Wu et al., 
2002).  Many of these compounds are hydrophobic (Abad Romero et al., 2010) and are extracted 
by various organic solvents for characterization (Prososki et al., 2007; Majcher & Jelen, 2009; 
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Roy et al., 2007).  However, application of organic solvents to improve flavor profiles of whey 
protein is problematic because of concerns such as flammability and toxicity. 
 Green chemistry reduces or eliminates the use of organic solvents (Anastas, 1998; 
Constable et al., 2007; Challenger et al., 2008) and supercritical fluids (SF) have been frequently 
studied.  A fluid is at the supercritical state when its temperature and pressure are higher than its 
critical values (Tc, Pc) (Eckert et al., 1996).  Supercritical fluid extraction (SFE) applies a solvent 
at supercritical conditions (Raynie, 1997; Sahena et al., 2009), which permits the rapid mass 
transfer of extractable compounds from resource matrices to the supercritical fluid phase 
(Kitzberger et al., 2009; Roy et al., 2007).  At or near the critical point, a solvent exhibits a 
density of a liquid that contributes to enhanced solubilization of compounds, while its low 
viscosity allows for gas-like diffusivity that enables easy permeation through solid materials 
(Sahena et al., 2009; Zhannan et al., 2009).  SFE may enable extraction of intracellular volatiles 
without disruption of the matrix (Parliment, 2002; Raynie, 1997).   
 Supercritical carbon dioxide (scCO2) is the most studied SF (Harrison et al., 1996; Wai et 
al., 2003; Araújo & Sandi, 2007; Brunner, 1994; Vaquero et al., 2006) because of moderate 
critical conditions of CO2 (Tc = 31 °C, Pc = 7.38 MPa), its nonflammable, nontoxic, odorless, 
tasteless and GRAS (generally regarded as safe) nature (Sahena et al., 2009), its low cost, and 
and no solvent residue (Mukhopadhyay, 2000). scCO2 is often classified as a non-polar solvent 
because of no net dipole moment (Mukhopadhyay, 2000).  Further, scCO2 has some limited 
affinity with polar compounds due to its large molecular quadrupole moment at relatively high 
pressures e.g., >25.0 MPa (Wang et al., 2007).  Properties of scCO2 can be altered through subtle 
changes in temperature and pressure to preferentially dissolve and extract selected classes of 
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compounds (Raynie, 1997).  For example, nonpolar and slightly polar low molecular weight (< 
250 Da) organics are very soluble in scCO2 (Moyler, 1993), which was used to selectively 
extract these components from a complex lipid mixture (Garcia et al., 1996; Spence et al., 2009). 
The diffusivity of scCO2 is one or two orders of magnitude higher than classic organic solvents 
such as dichloromethane and ethyl acetate in extraction of non-polar compounds in shiitake oil 
(Kitzberger et al., 2009). 
 As such, extraction of fats and oils by scCO2 from various natural sources e.g., wheat 
germ, nuts, seeds, and spices has been extensively reported and reviewed in scientific literatures 
(G mez et al., 2000;  Norulaini et al., 2009; Han et al., 2009), as well as  large-scale applications 
of decaffeination of coffee and tea (Lack & Seidlitz, 1992; Chang et al., 2000; Lee et al., 2007), 
extraction of hops, and fractionation of fatty acid alkyl esters from vegetable oils (Macedo et al., 
2008). 
 Therefore, scCO2 may be feasible to remove off-flavor and flavor-generating compounds 
in whey protein powders.  Previously, Zhong & Jin (2008) observed a 62% reduction of crude fat 
content in WPI powder after 1-h scCO2 extraction at 65 °C and 30 MPa.  In another study, 
Astaire et al. (2003) showed that scCO2 exclusively removed nonpolar lipid compounds from 
microfiltered buttermilk products and triacylglycerides were reduced from 21.3 to 4 mg/g dry 
powder.  However, the profile of volatiles after extraction by scCO2 has not been characterized.     
 The objective of this work was thus to characterize GC/MS chromatograms of volatiles 
extracted from WPI after CO2 extraction at various combinations of pressure, temperature, and 
duration.  The preliminarily screened conditions may be used to prepare WPI samples for future 
sensory evaluation using trained panelists.  
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3.2. Materials and Methods 
3.2.1. Materials 
 The WPI was a product of Hilmar Ingredients (Hilmar, CA) and was stored at -20 °C 
upon arrival.  According to the product data sheet, the WPI consisted of 93% protein (dry basis), 
1.0 % lactose, 1.0% fat, 4.4% moisture and 3.5% ash.  The DVB/CAR/PDMS SPME fiber, 
50/30µm film thickness, was purchased from Supelco (Bellefonte, PA, USA), a member of the 
Sigma-Aldrich Corporation (St. Louis, MO).   
3.2.2. Sample preparation 
 Experiments were performed with a system (model SAS 50, Thar Technologies 
Pittsburgh, PA) detailed elsewhere (Zhong & Jin, 2008).  The CO2 grade used was CD-50S 
(Airgas-Mid America, Chicago, IL). 
 In a typical experiment, 25 g of WPI was contained in a sample basket with a removable 
5-µm bottom frit.  The sample basket was placed in the pressure vessel, followed by tightening 
the pressure vessel cap.  Once equilibrated to the target temperature and pressure (typically in 5-
15 min), the WPI was extracted under the CO2 conditions detailed in Table 3.1.  After 
depressurization of the system (in about 15 min), the WPI powder was collected and stored at     






Table 3.1. Parameters for CO2 treatment of whey protein isolate 















B 30.0 65 60 
C 10.0  65  60 
D 10.0  35  60 
E 7.5  35  60 
F 7.0  30  60 
G 30.0 65 10 
H 30.0 65 30 
I 30.0 65 90 
 
3.2.3. Analysis of volatiles 
 Volatile components of the samples were extracted by a headspace method using the 
optimized conditions detailed in Chapter 2.  Prior to sample analysis, the SPME fiber, housed in 
its manual holder (Supelco, Bellefonte, PA, USA), was conditioned in the gas chromatograph 
injector port at 270 °C for 1 h and a fiber blank was examined for GC-MS to ensure no 
contamination.  The 0.5 g WPI was placed in a 4 ml clear vial with PTFE/Silicone Septa 
(Supelco).  These sample vials were then equilibrated for 30 min in a water bath (Buchi Heating 
Bath B-490, BUCHI Corporation, New Castle, DE) filled with distilled water at 50 °C for 30 
min.  After equilibrium, the septum was pierced with the SPME needle to expose the fiber for 20 
min at a depth of 2 cm into the vial headspace.  The exposed fiber was then retracted from the 
septum, and inserted immediately at a 3 cm depth into a GC injection port for desorption at 250 
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°C for 10 min in a splitless mode.  The injector was fitted with a 0.75 mm ID splitless glass liner 
(Supelco, Bellefonte, PA, USA).  Each WPI sample was analyzed in triplicates.   
 A Shimadzu 17A GC coupled with a Shimadadzu MS QP Class 5000 FID detector 
(Shimadzu Corporation, Kyoto, Japan) was used.  Mass selective detector conditions were as 
follows:  capillary direct interface temperature, 250 °C; ionization energy, 1.5 kV; mass range, 
33 to 330 amu; scan rate 5 scans/s.  The samples were analyzed on a fused silica capillary 
column (Rtx-5, 30 m length x 0.25 mm ID x 0.25 µm df; Restek, Bellefonte, PA, USA).  The GC 
oven temperature was programmed from 40 to 200 °C at a rate of 5 °C/min with initial and final 
hold times of 5 and 45 min, respectively.  Helium (99.99%) was used as a carrier gas at a 
constant flow rate of 1 ml/min.  The GC was run at a splitless mode, and the GC system runtime 
was 67 min. 
3.2.4. Data and statistical analysis 
 Peaks of GC/MS chromatograms were sorted based on elution times, and averages of 
peak areas at the same elution time were determined from three replicates.  Data analysis was 
carried out by obtaining the corresponding peak areas and elution times of an extracted sample 
that were then normalized to the corresponding maximum peak area of the unprocessed WPI 
sample.  The normalized areas were subjected to a t-test or analysis of variance.  Statistical 
significance was selected at a P value of 0.05, and if a significant effect was found, a Tukey's 





 Pressure, temperature, and flow rate of the SF, in addition to extraction time are generally 
considered to be the most important factors in the development of SFE (Zhannan et al., 2009).  
In this work, the CO2 flow rate was fixed for all treatments.  The first group of treatments 
adopted a same extraction time to study the impact of pressure and temperature, before 
advancing to the second group of experiments to assess the effect of duration at a recommended 
combination of pressure and temperature.   
3.3.1. Effect of CO2 extraction temperature and pressure 
 Representative chromatograms are shown in Fig. 3.1  for the control  
versus samples treated using CO 2  at above and below supercritical conditions 
for 1 h (Samples A-F in Table 3.1) . Similar chromatograms were observed for 
triplicate GC/MS tests,  indicating repeatability of the results. At each processed 
condition, one of the three chromatograms is represented in Fig. 3.1 .  Samples 
subjected to the highest pressure 30.0 MPa at 65 °C (Fig. 3.1B ) reflected the 
fewest peaks (8) when compared to the control (71 peaks) (Fig. 3.1A), while 
other treatments at a temperature lower than 65 °C had 9-15 peaks (Fig. 3.1C-F).  
A combination of a higher temperature and pressure was generally more 
effective in removing volati les.   
 Averages of peak areas of all three replicates at  each processed conditions 
in Fig. 3.1  are summarized in Fig. 3.2.   A substantial reduction in peak areas 
was observed for the WPI samples after processing by CO 2 ,  when compared to 
the unprocessed WPI (control).  95% confidence intervals of data points from  
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Fig. 3.2  are synthesized to obtain area averages normalized to t hat of the control 
(Fig. 3.3) .   The normalized area averages of processed WPI were all smaller 
than 100%, while confidence intervals were generally greater at milder  
conditions nearby the critical point .  The sample treated at  sub -critical  
conditions (Fig. 3.3F) has the largest area average and 95% confidence interval,  
indicating the least effective extraction of volatiles.  However, the differences 
among means of the processed samples are not significantly different  (p> .05) 
from each other.  
3.3.2. Effect of CO2 extraction duration 
 One of the three repeatable replicate chromatograms is shown in Fig. 3.4 A-C for WPI 
samples treated with 30.0 MPa and 65 °C for durations of 10, 30 and 90 min.  The results show 
the sample extracted for 30 min had fewer peaks (2) than those treated for 10 (9 peaks), 60 (8 
peaks, Fig. 3.1B) and 90 min (4 peaks). 
 The absolute peak areas in Fig. 3.4 are plotted in Fig. 3.5.  The results reflect significant 
reductions of number of peaks and peak areas for extracted WPI samples, compared to the 
control.  The normalized peak area averages (Fig. 3.6) of all treated WPI powder samples were 
less than 5% and the corresponding confidence intervals were smaller at longer extraction times 




3.4.1. Effect of extraction pressure and temperature 
 At a same temperature and duration of CO2 extraction, the removal of volatiles was better 
at a higher pressure (Figs. 3.1 to 3.3, B vs. C; D vs. E).  The better extraction efficiency may be 
explained by a higher density at a constant temperature, but a higher pressure of CO2 leads to 
increased solubilization ability of CO2 for organic compounds (Coelho et al., 2007; Zhannan et 
al., 2009; Chan et al., 2009; Turner et al., 2001; Werkhoff et al., 2002; Reverchon et al., 1995; 
Kang et al., 2005).  The pressure effect generally agrees with several published reports.  
Norulaini et al. (2009) reported better extraction yields of medium chain fatty acids (C6-C1 2) of 
coconut oil from copra at an increased pressure.   Specifically,  only 20% yield 
was obtained at  13.8 MPa, compared to more than 95% at 20.7 MPa.  Tan et al.  
(2008) also showed a higher total fat content extracted from cocoa liquor at a 
higher pressure.   Zaidul et al.  (2006) reported that a pressure range from 34.5 to 
48.3 MPa at 80°C was effective to fractionate medium (C8 -C14) and longer 
(C16-C18:2) chain fatty acids.    
 For treatments at a same pressure (10 MPa) and duration of extraction, volatiles were 
removed similarly at 65 and 35°C, both above the critical temperature of CO2 (Fig. 3.1-3.3, C vs. 
D).  When CO2 is applied to extract lipids, the extraction efficiency was observed to increase 
initially with an increase in temperature, followed by a plateau when temperature was increased 
further (Kang et al., 2005; Wang et al., 2007).   At a constant pressure, CO2 density is expected 
to be lower at a higher temperature, corresponding to a reduced solubilization ability of CO2.  
Conversely, a better diffusivity of CO2 is expected at a higher temperature that increases 
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extraction capacity of CO2 (Sahena et al., 2008; Zhannan et al., 2009).  When the above two 
factors are considered, it is generally recognized that temperature only has a slight impact on the 
extraction efficiency, as long as supercritical conditions are applied, with pressure of CO2 as a 
more significant determinant (Tan et al., 2008; Han et al., 2009; Liu et al., 2009).   
3.4.2. Effect of conditions slightly above and below critical values of CO2 
 When the extraction temperature and pressure were dropped to slightly below critical 
conditions (Fig. 3.1-F), the chromatogram of the corresponding WPI sample had more peaks (15 
total) than other conditions above the critical point (Fig. 3.1 B-E), but peak area averages of all 
treatments were not significantly different (Fig. 3.2).  This may be attributed to the fact that the 
conditions chosen (7.0 MPa and 30 °C) are close to the critical point, thus corresponding to 
similar extraction properties of CO2 as those at supercritical conditions. 
3.4.3. Effect of extraction duration 
 As shown in Fig. 3.4, a decrease on the amount of peaks (9 to 2 peaks, respectively) and 
correspondingly smaller peak areas were generally observed at a longer extraction time.  This is 
in agreement with an increased yield of safflower oil by scCO2 extraction at a longer time (Han 
et al., 2009).   
 As the extraction time increased from 30 to 90 minutes, the peaks also 
increased from 2 to 4 peaks (Fig. 3.4B-C), which generally showed a leveling 
off in extraction efficiency .   Similar results were observed in a study conducted 
by Xu et al.  (2008), that showed only a small reduction of oil  yield, from 189.66 
to 188.18 g/kg of dry berry oil yield, considering an elap sed time difference of 
51.6 min when high pressures and temperatures are applied (30 MPa and 50 °C).   
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Therefore, for the purpose of reduced energy use, it  may be be more 
environmentally friendly to apply scCO 2  closer to their  critical point , especially 
if yields are not significantly different.  
3.4.4. Extraction using scCO2 in comparison with organic solvents 
 Several reports showed advantages of scCO 2  extraction than non-polar 
organic solvents such as ɳ-hexane.  Liu  et al.  (2009) reported a better yield of  
tocopherols extracted from pomegranate (Punica granatum L.) seed oil using 
scCO2  (295.73 ±10.61 mg/100 g oil) than ɳ-hexane (258.75 ± 11.27 mg/100 g  
oil) . G mez et al.  (2000) showed yields and compositions of tocopherols 
extracted from wheat germ oil  were similar when using scCO 2  and hexane.  
Further, extraction using hexane is usually performed at a high temperature and 
may cause thermal degradation of oils that warran ts refinement equipment such 
as deodorizers and degummers (Marzouki et al.,  2008).  In contrast, CO 2  
extraction is achieved at a relatively lower temperature with  CO2 ,  being an inert 
gas, reduces the possibility of oil  degradation.  
 The effective removal of volatiles using scCO2 has been documented in many literature 
studies. In decaffeination of green teas, the more caffeine removed, the more volatile 
components depleted (Lee et al., 2007).  In particular, relatively nonpolar components such as 
terpene-type compounds of linalool and phenylacetaldehyde were gradually depleted after CO2 
extraction at 30.0 MPa and 70 °C (Lee et al., 2007).  In another study, removal of medium-chain 
aldehydes (major off-flavor contributor) from soy protein isolate was observed after scCO2 
extraction (Maheshwari et al., 1995). Similarly, volatiles contributing to overall fatty aldehydic 
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flavor notes of Sumach (Rhus coriara L), were removed significantly after scCO2 extraction 
(Bahar & Altug, 2009), although with a lower extraction efficiency than the traditional liquid 
extraction using hexane.      
 The extraction efficiency of fatty acids using scCO2 at bench scale has been successfully 
reproduced in the pilot plant (Han et al., 2009). Further, CO2 used in the extraction could be 
principally recovered and reused (Leazer et al., 2009), therefore reducing the cost of extraction 
solvent. However, when compared to conventional methods, higher capital and operating costs 
may limit the application of scCO2 in large scale production due to the pressurized system (Han 
et al., 2009). Nevertheless, unique features of scCO2 extraction discussed above may be utilized 
for some high-value food ingredients and products. 
3.5. Concluding remarks 
 The data presented in this work showed that scCO2 extraction reduced volatiles in WPI 
that are potential contributors to aromas and flavors. Identification of these removed compounds 
however requires extensive future work using appropriate database and standards. Significance 
of these removed compounds to sensory quality of WPI is also to be characterized in the future. 
 There are some remaining GC/MS peaks evident in samples extracted by scCO2 which 
may be polar lipids that remain unextracted because of their lower solubility in scCO2 (Sahena et 
al., 2009). It is well established that a polar solvent such as methanol and ethanol can be applied 
as a co-solvent in scCO2 extraction to broaden the spectrum of extractable compounds (Lou et 
al., 1996; Zhannan et al., 2009; Haytt, 1984; Maheshwari et al., 1995). It remains a future task to 
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Figure 3.1. GC/MS chromatograms of (A) Control (unprocessed WPI) and WPI treated with CO2 for 1 hour at a CO2 flow 
rate of 50 g/min using conditions of (B) 30.0 MPa and 65 °C, (C) 10.0 MPa and 65 °C, (D) 10.0 MPa and 35 °C, (E) 7.5 MPa 






























Figure 3.2. Peak areas from GC/MS analysis of (A) Control (unprocessed WPI) and WPI treated with CO2 for 1 hour at a CO2 
flow rate of 50 g/min using conditions of (B) 30.0 MPa and 65 °C, (C) 10.0 MPa and 65 °C, (D) 10.0 MPa and 35 °C, (E) 7.5 




Figure 3.3. Averages of normalized areas synthesized from data points in Fig. 3.2.  Error bars indicate 95% confidence 
intervals.  Letters indicate (A) Control (unprocessed WPI) and  CO2-processed WPI  at various combinations of pressure and 
temperature: (B) 30.0 MPa and 65 °C (C) 10.0 MPa and 65 °C, (D) 10.0 MPa and 35 °C, (E) 7.5 MPa and 35 °C, and (F) 7.0 




Figure 3.4. GC/MS chromatograms of WPI treated with CO2 at 30.0 MPa and 65 °C at a CO2 flow rate of 50 g/min for (A) 10, 


















Figure 3.5. Peak areas from GC/MS analysis of (A) Control (unprocessed WPI) and WPI treated with CO2 at 30.0 MPa and  
65 °C with a CO2 flow rate of 50 g/min for (B) 10, (C) 30, (D) 60, and (E) 90 min.  The unprocessed WPI (A) and WPI 





Figure 3.6. Averages of normalized areas synthesized from data points in Fig. 3.5.  Error bars indicate 95% confidence 
intervals.  Letters indicate (A) Control (unprocessed WPI ) and WPI  processed by CO2 at 30.0 MPa and 65 °C  using a  CO2 
flow rate of 50 g/min for (B) 10, (C) 30,  (D) 60,  and (E) 90 min.  The unprocessed WPI (A) and WPI processed for 60 min (D) 
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